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Abstract

This work is motivated by the need to analyze the behavior of nuclear fuels which under normal operat-
ing conditions build up stresses due to non-homogeneous thermal expansion, fission gas and solid product
swelling among other phenomena that are simultaneously relaxed by creep and plastic flow. This report
details the stress and tangent update equations for combined J, based rate independent plasticity, time-
hardening creep and fission gas induced swelling effects in a fully implicit hypo-elastic formulation involv-
ing two cases: pure creep without plasticity where the yield criterion has not yet been met and the combined
effect of both creep and plasticity beyond yield. Closed form expressions for the consistent material tangent
to be used in both cases are derived which can be used in implicit codes and is expected to help in obtaining
optimal convergence rates.

Keywords: Plasticity, creep, swelling, metallic fuel, material tangent, implicit integration

1. Introduction and motivation

Nuclear fuels exhibit extremely complex behavior during irradiation which include but are not limited
to thermal expansion, swelling due to gas and solid products of nuclear fission, phase transformation, creep
and plastic flow, damage and cracking. Swelling is a complex process starting from the production of
fission gas atoms, migration, coalescence and release as is well documented in Olander [1] (see Table 13.1).
Among the hundreds of fission products, gases such as xenon and krypton, due to their low solubility in the
fuel, precipitate as bubbles and can greatly affect overall fuel behavior. While fuel swelling is a universal
problem encountered in the irradiation of nuclear fuels, there are differences in the way it affects fuel
behavior depending on the type of fuel [2]. For example, oxide fuels which have low thermal conductivity
operate with high thermal gradients, causing the migration and release of gas bubbles thereby causing little
swelling [2]. However ceramic fuels with high thermal conductivity (i.e nitride and carbide fuels) and
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metallic fuels which operate with a relatively low thermal gradient retain fission gas bubbles for longer,
causing significant swelling before it is released from the fuel [2]. In addition, metallic fuels often exhibit
creep and plastic flow, especially when operating at high temperatures which relax stresses in the fuel built
up by other phenomena such as thermal expansion and fission gas swelling.

As there is increasing need to perform full scale 3D analyses over long periods of operation (time
scales of weeks to months), there is a need to develop constitutive equations for the material behavior
[3]. Moreover to achieve this, implicit finite element codes are being increasingly used so that there is no
restriction on the time step as is common in explicit finite element codes. To ensure optimal convergence
rates of the global finite element equations, the consistent material tangent should be provided to the finite
element solver in accordance with the algorithm used for the stress update. A material tangent evaluated
numerically could be used but would also be expensive to compute [4, 5]. A closed form expression for the
material tangent would be considerably more computationally efficient than using an explicit finite element
solution or evaluating a numerical tangent.

In this work, closed form expressions are derived for the stress and consistent material tangent update
for the combined effects of swelling, creep and plasticity for either of two possible cases where the material:
(1) is within the yield surface and undergoing creep flow or (2) has yielded and undergoing both creep and
plastic flow simultaneously. It is assumed for the present purposes that plastic flow follows an isotropic
hardening law, however a different hardening law may be chosen suitably and implemented with a similar
approach as outlined in this report.

2. Fission gas swelling model

To simulate swelling in fuels due to fission by-products, a model which governs the radius and conse-
quently other state variables such as temperature and pressure inside the bubble needs to be included. The
mechanistic swelling model developed by Matthews et al. which relates these quantities to the stress in
the fuel is considered here [6]. As a first approximation of fission gas bubble swelling, all bubbles can be
assumed to be the same radius and comprised of xenon gas. The bulk swelling due to fission gas bubbles
can be calculated from the bubble radius r, or alternatively bubble volume V; and concentration of bubbles
per unit volume Cp, as

4
Ve = §nrgc,, = V,Cp (1)

In order to accurately capture Cp, a nucleation model must be considered that considers local state
variables. However, through inspection of fuel cross-sectional micrographs, the concentration of fission
gas bubbles seems to be roughly constant within a phase and across different irradiation conditions, with
few large bubbles in the -phase, many small bubbles in the S-phase, and many oblong pores in the a-phase.
Within this current implementation, Cj, = 10'3 is held fixed at an approximate value estimated for the largest
bubble sizes in the y-phase. Future models would benefit from temperature and phase dependent values of
Cy, as well as consideration for the non-spherical porosity in the @-phase. However, the current implemen-
tation is intended as a proof-of-concept for a tightly coupled thermo-mechanical-swelling simulation, and
thus will make broad assumptions until fully implemented.

The physics behind fission gas bubble swelling consists of modeling fission gas creation in the fuel,
diffusion of the individual gas atoms to bubbles, growth of the fission gas bubbles, and bulk volumetric
response as porosity increases. The concentration of fission gas atoms in the fuel C, can be calculated by



tracking the introduction of gas atoms through fission and the loss of gas atoms due to absorption to fission
gas bubbles. What results is coupled partial differential equations describing the concentration as,
Cg = &Zsource — &sink ()
The introduction of fission gas bubbles calculated by multiplying the fission rate density F by the yield
fraction Y.
Esource = FYf (3)

As the fission gas atoms move through the fuel, they will be absorbed by bubbles with concentration Cp, and
radius rp, which can be treated as a diffusion limited reaction into a perfect sink [1],

Zsink = 47Tl’ngCng 4

Here, D, is the fission gas diffusivity in the fuel, given by,

e
D, = Dyexp (-]{B—T 5)
where kg is the Boltzmann constant and 7 is temperature.

Due to the small diffusivities of the fission gas bubbles, bubble coalescence is assumed to be negligible,
with only the diffusivity of the single gas atom through the matrix as the only transport mechanism. The
radius of the bubble is a complex function that depends on the surface energy of the material, as well as the
local conditions temperature and stress. Following the derivation by Olander [1], the radius of the bubble
can be calculated using the van der Waals equation of state to formulate the pressure inside a gas bubble,

kgT
P = 6
bubble = G B (0)
where A, is the number of atoms in the bubble, V, is the volume of the bubble, and B = 0.085nm? is the
volume occupied by a single Xe gas atom. The pressure of the bubble is balanced by the surface tension 7;
and the local hydrostatic stress in the material, which can be written as,

2
Psurface = % 4 (7)

where p is the hydrostatic stress or pressure in the material given by %tr(a'). Contrary to convention, the
‘pressure’ in the material is considered to be positive in tension and is used interchangeably with the term
hydrostatic stress. Equating (6) and (7), the pressure in the material can be written as,

_ 2’)/s kBT
P= r,  Vy/Ap—B

)

The evolution of the number of gas atoms in the bubble A; also depends on the radius of the bubble
itself, and is described the equation,
App = 4rrpDgCy(1 — ) )

where D, and C, are fission gas diffusivity and the concentration of fission gas atoms in the fuel given by
(5) and (2) respectively. And A is given by,

1=

- tanh(%)] (10)

w
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where f., and f,, are constants which are input to the model and f is the porosity which can be related to
the volume and concentration of the bubbles by the relation,

— sz - Vbe
1+ Vg, 1+ V,Cp

f (11)

3. Constitutive response

We start with assuming that all strains are small and the constitutive response is linear elastic, which
we describe with a hypoelastic rate formulation. Assume that the total strain tensor &€ can be additively
decomposed into an elastic strain £°, thermal strain &, swelling strain &%, creep strain & and plastic
strain such that in rate form,

E=&l+ &M+ &+ T+ 8 (12)

The constitutive equation can be expressed in terms of the elastic strain as,
o=C:&" (13)

where C is the fourth order material stiffness tensor which is considered to be constant. Taking the time
derivative,
oc=C:& (14)

Using (12), write the elastic strain in terms of the total, thermal, swelling, creep and plastic strains,
o=C:(e-&"-&" &7 - &) (15)

Using a backward (implicit) Euler integration scheme (see Eqns. (1.4.4), Simo and Hughes [7]), the incre-
mental form of (15) can be written as,

Ops1 =0, +C: (As — Ae" — A& — A& — As”’) (16)

n+l1
By contraction on both sides of (16) by the volumetric projection tensor "’ [8], we get the update equations
for the (scalar) hydrostatic component of stress (referred to as pressure p here) as,

Pust = pu + K|tr(Ag) — tr (A™) - tr (A&™)] (17)

n+1
where the tr (-) operator returns the trace of it’s argument and K is the bulk modulus. Similarly, contracting
with the deviatoric projection tensor 19¢, we get the update equations for the deviatoric components of the
stress,

Snet = Su + 2 (Ae — Ae” — Ae?) (18)

n+l1
where the deviatoric total strain increment is represented by Ae and u is the shear modulus. The stress tensor
can be re-written in terms of pressure and the stress deviator as,

Opt+l = pn+11 + Sn+l (19)

where the tr () operator in (17) returns the trace of its argument and 1 in (18) is the second order Kronecker
delta. The implicit assumption here is that thermal and swelling strains are purely volumetric, and creep
and plastic strains are purely deviatoric in nature.



4. Evaluating the hydrostatic stress

Section 2 presents a set of coupled ordinary differential equations relating various quantities involved
in the fission gas bubble swelling process such as radius and volume of the bubble, pressure in the material,
irradiation related parameters such as fission rate density and transport and the transport and absorption of
fission gas atoms in the fuel. The porosity f can be related to the volume and concentration of the bubbles
by the relation,

Viw Vbe
f 1+ Vg, 1+ VG 20)
implying the inverse relation,
f
Vp= ——— (21)
T Ga-p

The evolution of porosity with time induces a volumetric swelling strain in the material which is given
by the equation [9],

f=0-PHr(Eew) (22)
which in turn can be written in terms of the magnitude of swelling strain as,
L
Esw = g%‘ (23)

This can be integrated analytically over a time step from 7 to n + 1 to obtain the incremental change in the
swelling strain as,

1=
tr (Aggy) = ln( I ) (24)
1- fn+l
This can be substituted for the swelling strain in the pressure update (17),
th 1 - fl’l
Pust = pa + K |tr(Ag) — tr (As™) ~ In (25)
1- fn+1
At n + 1, the pressure inside the bubble from (8) is,
275 kBTn+l
| = - (26)
Pr Toel) Vo) Abm+1) — Bxe
Re-writing (26) as,
Pr1Tbnr1) (Vome1) = BxeAbma1)) = 2Vs Vots1) = BxeAbn+1)) = kBAbae 1) Tns 17b(n+1) 27)
Substituting for the pressure from the constitutive update (25), we have,
th 1 - f"
Pn+ Kyy1 |tr(Ag) —tr (AS ) —In T~ Fo "ona1) (Vona1) = BxeAbn+1))
- Jn+
= 2¥5 (Vb+1) = BxeAb+1)) = kBAb+ 1) Tns 170(nt1) (28)
Moving terms in (28) to one side, we write the residual of the equation as,
th 1- f n
Pn+ Kpyo [tr(Ag) —tr (Ab‘ ) —In|< 7o )| ey (Von+1) = BxeApn+1))
— Jn+
=2¥5s (Vbns1) = BxeApns1)) + kApus 1) Tnt17pne1) = R (29)
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From (10) using the backward Euler scheme, the incremental form of the change in the gas atoms in the
bubble A; can be written as,

Apis1) = Ap) + 4175004 1)Dg(n11)Conr1y (1 = Apy1) At (30)

where Dg(,+1) can be written explicitly in terms of 7,41 using (5) and Cg(,4+1) can again be expressed in
incremental form using backward Euler from (2) as,

Cg(n) + FYfAl‘
1+ 47Trb(n+1)Dg(n+1)CbAl‘

Cons1) = (31)

Therefore by knowing the increments of total strain Ag and thermal strain Ag™, the pressure p, and param-
eters B, kp, fr, fw and by relating Ay, at n+ 1 to rp at n+ 1 using (30) and (31), the residual can be written in
terms of either the radius, volume or porosity of the bubble at n + 1. This can be solved numerically to find
the stable bubble size at which R ~ 0. Since the residual is a polynomial which has multiple roots, using
Newton’s method is not optimal in this case. We proceed to solve this equation in two steps:

(1) Bracket the smallest value of bubble volume between a lower bound given by the volume of the bub-
ble at time step n and an upper bound determined by marching along the positive axis of bubble volume till
there is a change in the sign of the residual given by (29) indicating the presence of a root, and subsequently

(2) Bracket the solution between the bounds and use a bracketing method (such as the bisection method
or regula-falsi) to find the root iteratively up to a specified precision.

It is assumed that at the start of the simulation, there are fission gas bubbles created instantaneously
with volume equal to that of one xenon atom (By, = 0.085"%'m?) which serves as the lower bound for
bracketing the solution. Consequently, the number of gas atoms in the bubble A, is taken to be unity, and it
is assumed that the Cy is identically zero. It is also assumed for the sake of simplicity that the temperature
in the material due to conduction of heat is equal to the temperature of the gas within the bubbles.

This method is used to evaluate the porosity at every time step and consequently update the pressure
using (25).

5. Evaluating the deviatoric stress

From (18), the deviatoric stress update equation is written as,

Snet = Su + 21 (Ae — Ae” — Ae"l)n+ 1 (32)
Assuming that the step from 7 to n + 1 is purely an elastic one, and writing the resulting stress as s"%/.
n+1
l /
Snet = sl =2, 1 (Ael' | + Ael, ) (33)
where the trial stress is,
jal
S;rfl = Sn + 2Upi1Aep4 (34)

If the plastic and creep strain increments, Aeﬁ i , and Ae;’” | can be expressed in terms of the actual deviatoric
stress s,+1, then (33) can be solved for the deviatoric stress iteratively.



5.1. Rate independent plasticity

Under the assumption of classical rate independent associative plasticity, the plastic strain rate is written
as

erl = 190 (35)
oo

where A is a positive scalar quantity and f is a specified yield function generally written in terms of the
deviatoric stress s. The incremental form for the plastic strain can be written as,

pl _ ﬂ
Ae, | = (A/l 80’)n+1 (36)

In J, plasticity, the yield function is in general is written in terms of the second invariant of the deviatoric

stress,

1
Jr = Es 1S (37

where s is the deviatoric stress defined by by s = o — %tr(o’)l. A common form for the yield function f is,

2
=20~ 2@ (38)

where +/2J, amounts to the magnitude of the deviatoric stress, ||s|| = Vs : §, oy is the yield stress of the
material which can be a function of the accumulated plastic strain @ whose evolution is assumed to be,

QZQJE (39)

the algorithmic counter part of the yield function, written at time »n + 1 is,

2
Jnr1t = Ispsall = \/;O-Y(a,n+1) (40)

where the accumulated plastic strain is given by,

2
Ayl :an+A/1\/; 41

Knowing that the second term in the yield function in (40) is a constant yield stress at n + 1, the gradient of
f with respect to the stress is simply,

af a|lsn+1”
)= 42
(aa-)n+l ao—”"'l ( )
— Sn+1 (43)
IS+l
= Ry+ (44)

Therefore, substituting (44) in (36), the plastic strain increment can be written as,

pl
Aen+1

= Adn,. (45)

where AA specifies that magnitude of plastic strain increment and n,.| specifies the direction of plastic flow.
7



5.2. Time-hardening creep

Time dependent creep laws are often written in a strain-hardening or time-hardening form. A law of the
latter type is assumed here, where the creep strain rate is,

éntrl = ,61:.1 (&n+l’ Tn+latn+l)’~1n+l(s) (46)
The creep strain increment can be written as,
Aeal = Ae,H.l (G ns1> Tty tas1) R (8) 47)

where Ael” | is the magnitude of the creep strain increment which depends on the current von Mises stress,
time, temperature and other constants which are material parameters that can be estimated from a uniaxial
creep test, and 7z, (s) is the direction of flow of creep which is some function of the deviatoric stress. As
is commonly done, the direction of creep is assumed to be such that,

65—n+1

(48)

iy =
a0'n+1
where §,+1 is the von Mises stress. To be consistent with the direction of plastic flow, the direction of creep
1s written in terms of »n such that,

o 3
Aen+1 = Aé;_'_l (T n+1> Tt 1 tus1) \/;nrﬁl (49)

Consider that a power law for creep strain is assumed in it’s ‘time hardening’ form such that the creep
strain rate is given by,
& = Ao e (50)

where & is the von-Mises stress, ¢ is time, Q is the activation energy of the creep mechanism, R is the
Boltzmann’s constant, T is the absolute temperature and A,m and n are material parameters. Using an
implicit time integration scheme, the creep strain increment can be written as,

A& | = AtAG™ A (51)

n+l n+le

where the material parameter n appearing as the exponential term for time # is not to be confused with the
number of the time step appearing in the subscript.

5.3. Deviatoric stress
Substituting (49), (51) and (45) in (33)

. 3
Snet =S4 = 20| Admy g + (AtAGY, 12, & e ) \/;n,ml (52)

The unit normal tensor can be evaluated by knowing the trial stress state at n+1, which can be determined
from the state of the material at n and the total applied strain increment (sf[i“]’ = 8, + 2u Aey1). Both the
deviatoric and the trial deviatoric stress, §,,1 and sf{ fr‘;l can be shown to have the same unit normal tensor
R, [7], therefore can be determined as,

strlal

“ntl Sn+1
_ _ Sl 53
e = i mal|| 151 6



Contracting with both sides of (52) with the unit normal tensor n,. |, one obtains,

. 3 )
lsnsrll = ||s7|| 20 AX - 2 \g (AtAG 2, e ) (54)

Writing (54) as a residual,

. 3 .
R =llswerll = [l + 2 A2 + 25 \g (AAGT 12,1 1) (55)

5.4. Combined creep and plasticity

From (55), the residual to evaluate the plastic multiplier in the case of combined creep and plasticity is
given by,

2 . 3 .
R= \/;O'Y = |Istrie|| + 21 Ad + 20 \/;Aé;ﬁrl (oy) (56)

where the deviatoric stress s,+; must lie on the yield surface i.e.,

2 2 2
llsnsill = \/;O'Y = \/;ffyo + \/;K(anﬂ) (57)

For this case, the residual can be written in terms of the incremental plastic multiplier which is to be
determined.
The creep strain increment in terms of the deviatoric stress is,

m
3 ]
A = AIA(\/;) lsperll™ 22, € T (58)

which can be written in terms of the yield stress as,

NS | = AMAG 11, e kT (59)

n+l1

To find the solution to the nonlinear equation given by the residual, the derivative of the creep strain incre-
ment with respect to the plastic multiplier is required which can be written as,

8Aé” (90'
I _ (m-1) Y -9 n+
5 A"; = MtAmay"V == e RTs1 (60)

A closed form expression for the derivative of the yield stress can be found if the hardening law is known.
For example, considering a linear hardening law, the derivative of the yield stress with respect to the plastic

multiplier is,
doy 8 8 \/E _
—L = K ZRAA
9AL ~ 9Al (GY‘” T3 )

2.
= \/;K (61)

The following terms are then required to find the plastic multiplier and the material tangent,
9



AE" = AtAGT) 1, & KT

m
. 2 . -
= AtA [O'y() + Ka,, + \/;KA/l] IZ_He O/RT, 41 (62)
A 0
Mn; _ AtAma(y'”‘“ z;lYtZHe(—Q/RTm)
_ 2 . _
= AtAma "™V \/;K 11, e Rl (63)

5.5. Pure creep

In the case of creep without any plastic effects, the nonlinear equation to be solved to evaluate the
deviatoric stress at the current time step reduces to,

. 3 _
R = lisnetll = [|sy]] + 2u \@ (AAey, iy, e ) (64)

The von-Mises stress can be written in terms of the deviatoric stress as,

N 3
Gt = \/;||Sn+1|| (65)
Substituting into Eqn, (64),

m
: 3 3 -
R = |Isuerll = ||s2)| + 24 \g AtA(\g] S 182, e KT (66)

The residual is written in terms of a single unknown variable, ||s,+1|| and can be evaluated using a Newton-
Raphson iterative scheme. To evaluate the deviatoric stress and the material tangent, the creep strain incre-
ment and the derivative of the creep strain increment are required which are respectively given by,

m
. 3 -
Aécr = AtA (\/;] ||Sn+1||mfZ+1€ O/RT, (67)

m
oAe” _
= AtA = mllsye || e R 68
allsnﬂll [\/;] “ n+l|| n+1 ( )

6. Consistent Material Tangent

While finite element codes need only a stress update model to reach the correct solution, a Jacobian ma-
trix, also known as the tangent modulus or tangent stiffness greatly affects the rate of convergence. While
the tangent modulus has no effect on the accuracy of the solution, it is used to search for the displacement
fields that satisfy the weak form of the equilibrium equations [5]. In this case, for the purposes of compu-
tational efficiency, since it is important that large time steps be used - on the order of days and weeks in
which there can be significant inelastic effects, it is worthwhile to invest in deriving the analytical form of
the tangent modulus.

10



Starting with the constitutive equation (13) at the n + 17 time step,

0,.1=C: “f‘le+1 (69)
we can decompose the R.H.S in terms of the hydrostatic and deviatoric response as,
Onet = K tr(g )1+ 2u el (70)

where efll+1 is the deviatoric component of the elastic strain tensor. Writing (70) in differential form we have,

doney = K tr(dsg, )1+ 2u def! (71)

n+l

which can be written in terms of the total, thermal, creep and swelling strains as,

oy =K tr(dey - dell | — del )1+ 2 (dey, — desl, | — de”, ) (72)

n+1

Decomposing the thermal, swelling, creep and plastic strains as,

de | = de" + dAe™ | (73)
de’, = de)" +dAs)" | (74)
de)! | = dg; +dAs) | (75)
de” | = dell + dae” (76)
we can rewrite (126) in terms of an elastic step from 7 to n + 1 and an inelastic correction,
oy = C: deye — K tr(dAg], | +dAe)y )1 - 2u (dA,, - dAE", ) (77)
By re-arranging in terms of the partial derivatives of the total strain, this can be written as,
er !
Ao = (C -K 8n+1tr(Asfﬁl) 1-K 8n+1tr(Asﬁl) 1- 2;10(?;’:1 - 2;18(?8%1 ] cdeg (78)

Noting that the thermal strain is only a function of the coefficient of thermal expansion (which is considered

to be a constant for now) and the change in temperature, and substituting tr (Ae®") = Ag*",

AAE™ 1) OAe oA
Aoy, = (C _Kk—mlr o ml _op— s de (79)
88n+1 88n+1 88n+1
Therefore, the constitutive response in terms of the total applied strain can be written as,
doys1 = 3J :deyy (80)
where the material Jacobian or the consistent material tangent is given by,
A(AE™ 1 dhe" OAg""
J:(C—K ( n+1 ) ) n+1 _ 2,1,[ n+1 (81)
58n+1 a"5n+1 88n+1
or,
J=(C-K™-K"-K) (82)

This is the general form of the tangent modulus with creep, plasticity and swelling effects. Note that if
there is no swelling, creep or plasticity, the tangent modulus reduces to

J=C (83)

The derivatives 9(A&Y,1)/ss,,,, 00e;),,[dg,,, ans" | /oe,+1 need to be estimated at every time step to evaluate
the Jacobian.

11



6.1. Contribution of swelling

Note that identity tensor 1 is a constant, therefore the first term becomes

a(As 1 IAE™
( n+1 ) — 1 ® n+l1 (84)
68n+1 a<"3n+l

We then proceed by first using the chain rule to write

OAE) | OAE| Ofyi1 OFbne1) Opnst 00 e

= (85)
0,41 Ofns1 Orpns1y OPni1 00,1 O€yy
The first term on the R.H.S can be determined from (24) as
ONES” 1
C()fn+l 1 - fn+1
The second term can be determined from (20) as
2
6fl’l+1 _ 47TCb (1 - fn+1) rb(n+1) (87)

b1y I+ Vipue1)Co

The third term is a scalar determined from the bubble equilibrium equation given by (27) which relates the
bubble radius to the hydrostatic stress or the pressure, and is set equal to a constant « for the present,

Orpin+1y N

(83)
apn+l
The fourth term can be written as 3 1
Pn+1
“bntl _ 89
60n+1 3 ( )
Substituting (85) - (89) in (84), we have
_ 2
A(AET 1) _ 47errh(n+1) a/ll 21 0011 (90)
0,41 I+ Vpue1)Cp 3 0&n11

where %1 ® 1 is nothing but the volumetric projection tensor [8]. With some manipulation this can also be
written as

a(Aéi‘:—ll) —a 3fn+l Ivol 80—”‘*1

oD
0€n+1 Ton+l)  O€nyi
Therefore, the contribution of swelling to the material tangent can be written as
3 oo
K;:-V] =K (a, fn+l IVO] n+1 (92)
Tty O8nt1

Now depending on whether the yield criteria has been satisfied or not, there are two possible cases for
the consistent material tangent, case I: combined creep and plasticity and case II: pure creep.

12



6.2. Case I: Combined creep and plasticity
From (79) and (92), the stress update is given by,

3 o 0Ae" AN’
Aol = C—K(a Juet ot (’"“)—2 mil oy g (93)
Ton+l)  O€nt1 0€n11 0€n11
From (45), the plastic strain increment can be written as,
Ae” | = Adn, (94)
Differentiating,
dhel, _ 0(Adny1)
68n+1 68n+1
0AN 0
= Hpe1 ® + AN 95)
68n+1 68,,4_1
Therefore, the term KP! can be written as,
0AA 0
KP! = 2u (nn+1 ® + A "”“) (96)
a'9n+1 68n+1
Similarly from (49),
0Ae” 3 OAe" on
n+l n+1 —cr n+1
—— = 4/= ® +A 97
88n+1 2 (nn+l a811+1 Cnel 88n+1 ) ( )
Similar to (96), the term K can be written as,
3 0Ae” Oyl
K =2 e ® n+l + A& n+ 98
M > (nn+1 0801 €1 08,1 (98)

Substituting (95) and (97) in (93) and simplifying,

3fn+1 vol a0-n+l ann+1 3 —cr 0AA 3 aAé;:l A
d0-n+l = [C - K(G’%I 88—n+1) — 2/168n+1 (A/l + \/;Aenﬂ] - 2,unn+1 ® (88n+1 + \/;as—m]:i : d8n+1
(99)
in which matrices K*, K and K”! that account for the modification of the material stiffness matrix C due
to inelastic effects have to be determined from the trial stress state at time n + 1. To find these matrices the

unit normal tensor ny,., plastic strain increment A4, creep strain increment Ae;" | and the respective partial
derivatives with respect to the total applied strain &, need to be evaluated.

6.2.1. Evaluating the unit normal tensor and inelastic strain increments

The unit normal tensor can be evaluated by knowing the trial stress state at n+1, which can be determined
from the state of the material at n and the total applied strain increment (s;’f;’ = s, + 2u(Ae,+1)). Both the
deviatoric and the trial deviatoric stress, §,,1 and sf{ fr‘;l can be shown to have the same unit normal tensor
n,.1 [7], therefore can be determined as,

Strml

n+1
= Cntl (100)
T o]
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To determine the inelastic strain increments, one starts with the yield function (40), assuming once again
a linear isotropic hardening law, can be written in terms of the yield stress in the unhardened state oy and

the hardening term K(a,+1) as,
2 2
Jnr1 = |ISne1ll = 3970~ §K(an+1) (101)

where @, is the accumulated hardening strain at time n + 1. If the material has yielded, the stress state
must lie on the yield surface, or in other words, f,+; must be zero which means,

2 2
0 = llsps1ll = \/;Uyo - \/;K(a’nﬂ) (102)
2 2
lISne1ll = \/;(fyo - \/;K(a’nﬂ) (103)

From the trial deviatoric stress state in (34),

snet = S —2p (Ae” | + A (104)

n+l

Substituting in (104) from Egs. (94) and (49) and contracting with both sides with the unit normal tensor
n,.1, one obtains,

: 3
lsnsill = [[syid]| - 2uA2 — 24 \EAe;;:] (105)

It should also be noted that the magnitude of increment in creep strain here depends on a few variables one
of which is the stress state at n + 1, particularly the von-Mises stress, which indirectly makes it a function
of the deviatoric stress at n + 1. Therefore (105) should ideally be written as,

lsnetll = ||s24l| = 2uAd - 2u \[ A (IIsn1ll) (106)

which is to say this is a nonlinear equation in ||s,||. Substituting (103) in (105), meaning the deviatoric
stress at n + 1 should lie on the yield surface, one obtains,

2 2
\gayo—\ngnH):lls;’ﬁlll 2uAL - 2u\[ ';:1[\[ cryo+\[ K(an+1>] (107)

This equation can be solved for the plastic multiplier A1 numerically by an iterative Newton-Raphson
scheme by writing the residual as,

2 2 )
R= \/;O'YO - \/;K(Q'rﬁ-l) - ||S,t1rfil” + 2uAA + 2u \/7Ae;:1 (\/7070 + \/7K(an+1)] (108)

and solving R = 0, provided an explicit expression is known for the isotropic hardening variable K (e.g. a

. . . . - - 2
linear isotropic hardening law can be assumed such that K(@,+1) = Kap+1 = K(a, + gA/l) ) so that the
evolution of the yield surface is known in terms of the plastic multiplier. Once the plastic multiplier A4 is
solved for and the accumulated plastic strain @, is known, the creep strain increment e/, | can be evaluated.
Other terms which are needed to evaluate the consistent material tangent are the partial derlvatlves Onni1/dg,, 1,
()A/l/[)srwl and (QAEZQI/{)SIHI .
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Derivative of the plastic multiplier. The derivative of the plastic multiplier with respect to the total applied
strain can be obtained from differentiating the residual in (108),

R _,_ \ﬁamm)aam ond sl iy \ﬁé‘Aé,‘;:laam AL oo,
88n+1 3 6an+1 aA/l 68n+1 88n+1 68n+1 2 aan+1 aA/l 68n+1

2 2 0AA 2 0AA
0= \/7K’(an+1) —2un, . + 2,u + 2u \/7A86:_1 \/7 (110)
3 a8n+1 " a8n+l

where the primes quantities (.) indicated the derivative with respect to the accumulated plastic strain @41.
Collecting and rearranging terms, one obtains,

dAA
2K (@ne1) + 2HAET | + 20| = 2umy (111)
88n+1 3
dAA
— "’ln+l = (112)
Oenet  [1+ Az + K]

Derivative of the unit normal tensor. From (100), the derivative of the unit normal tensor can be written as,

omer 1 Osp sy Oy Gane ) 0A 113
0€,41 - ”s;’i“ll” 0€,41 “ trml“2 0,1 0AA 0€,41
trial

Knowing that the trial deviatoric stress state is s
[9¢Vg, .1, the derivative can be written as,

el = Sn+2uleyiy, where Aeyyy = €,41 — €, and €,y =

osiysl ISl dheyst denny
88n+l aAen+1 aen+l 88n+1
= 2u 19¢V (115)

(114)

where 19¢” is the deviatoric projection tensor [8], 19¢” = [Isym - %1 ® 1]
The expression for the derivative of the magnitude of the trial deviatoric stress with respect to the
accumulated plastic strain can be obtained by differentiating the expression for the residual in (108),

sl \F oA \f
K’ + 2, + 2 AE” 116
aa’n+1 (@ns1) ’ua Xp+1 H 2 Fnel ( )

\/7K(an+1)+2u\/7+2u\/7 8, (117)

3 . 2 o
where the term (flM can be evaluated to be \/j , therefore the term 6;’51 is \/j . Substituting in (113),
n+1 2 C 3

Omney  2ulte s OAL
08n+1 - ”strial” - trial [ K (am—l) * 2/1A8n+1 * 2/1 ® 88,,.,.1 (118)
et s’
24 19 Myl N K'(ans1)] _ 0AQ
= — — - 1+ A& 119
T a2 | R A T b= e
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In light of the expression (112), (119) becomes,

On  2ulde o
sl 120
0€,41 ||s;riall|| || Zr_ﬁl” Ryl @ By ( )
||S’”‘il|| (1" = 1 @ ) (121)
n+

Derivative of the creep strain increment. Finally, the derivative of the creep strain increment with respect
to the total applied strain can be written as,

one, _ 0Ae, | dany1 DAL
68n+1 aan+1 0AA 88n+1

~Cr ny
7 (123)
En+1 \/7[1 + A& K(§l£+l):|

n+1

(122)

Assembling the consistent material tangent. Substituting Eqs. (112), (120) and (123) in (99) and rearrang-
ing,

3 n n
oy = [C—K( ne pror st “)

Thn+1) — O€ny1

- Qu)r— i A+ 3Ae‘”
H Is trtal” n+1

n+1
3
+ (2/,() — Ad+ Aen+1 Ryl @ Ry
[l n+1||
2 2u .
- 7/1 Ryl @ Bpyl — ,)I;lAgn+l Ry ® nn+1] deni (124)

Separating out the swelling contribution,

|dev
doyy = [C (2,u)2” ”al” (A/l+ \/EA Z’H)

n+1
3 —cr
+(2,u) pow AL+ EAenJrl Nyl @ By
[lsri]
2
_H Ryl @ Rpyl — 'uAan Ryl ® nn+l] dens1
Y Y
3
- K(aﬂlwl) L don (125)
Th(n+1)

Moving the last term to the left hand side,

v 3fos |dev 3
[sym K(a/_lvol)] cdope = [C (2/,{) o Al + ZA_;:_I
o) [l

3
+ (2,11)2” trml“ [ \/7Aen+1)nn+1 Q My

n+1

2 2u
= 2t @y = AS e @yt | e (126
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or,

do, =3 depy (127)
such that the material tangent is given by,
J=A"'B (128)
where,
, 3
A=19"4 K(aﬂlwl) (129)
Th(n+1)

2u)? 2w?* 2 ;2
B=C- ”(s[/ji%l” evg | (“( ,/;2;“ ;’Aé;g] - 7“] Mpat ® My (130)
n+

n+1

3
andy = |1+ Age| + £ and g = (A/l+ \/;Ae;gl]

As a sanity check, it can be verified that in the absence of swelling or creep effects, the material tangent
reduces to,

Qu)?* 4 ( ,U)2 2u
J? =|C—- ——I*"Ad + : Rpyl @ My (131)
" ™ [ gy o™

which is the same as the consistent elastoplastic tangent given in Simo and Hughes [7], pg. 124.

6.3. Case II: Pure creep

In the case of pure creep the stress update is,

Ib(n+1) 0€n+1 0€n+1

don = [C - K( ] 7 Fo (132)

The creep strain at n + 1 depends on the stress state at n + 1 which is yet to be determined. A time hardening
form of the creep strain rate is assumed,

8;:_1 = 5211 (&n+1’ Tn+1,tn+l)ﬁn+1(s) (133)
such that the creep strain increment then becomes,
Ae;,:.l = Aé;:.l (O n+1s Tn+17tn+1)’_1n+1(s) (134)

where Ae!’ | is the magnitude of the creep strain increment which depends on the current von Mises stress,
time, temperature and other constants which are material parameters that can be estimated from a uniaxial
creep test, and 2,41 (s) is the direction of flow of creep which is some function of the deviatoric stress. As
is commonly done, the direction of creep is assumed to be such that

65—n+1
ao’n+1

M1 = (135)

where 5,41 is the von Mises stress. However, since the direction of plastic flow is often written in terms of
the deviatoric stress, the direction of creep is also written in terms of n for the sake of consistency such that,

Ae”l = A€n+1 (G ns1> Tnst1s tas1) \/7nn+l (136)



Note that the direction of flow written in terms of the von Mises and the deviatoric stress is different only
by a multiplication factor of +/3/2. The derivative of the creep strain increment dAe!"  /0&,, can then be

expanded to be written as

dAe; _ 3 Az, lann+1 N \/§ ol ® oAe)
68n+1 2" 88n+1 2 88n+1

The partial derivative of the unit normal tensor with respect to the total strain can be written as

ann+l _ ann+1 asn+1 60—n+1
68n+1 asn+l a0-n+1 a8n+1

where from Eqn. 3.3.9 in Simo and Hughes [7], (see also Appendix C)

ann+l 1 Vi
— (Isym N, ®n +1)
aSn+l ”sn+l|| " "
and (see Jirasek [8])
8sn+1 — Idgv
(90'n+1
where, 19¢¥ is the deviatoric projection tensor given by,
dev sym 1
1" =(1""--1®1
3
such that,
Spe1 = 19 0y
Substituting in (138) and simplifying
ann+l 1 d a0'n+1
= 1Y — 1 ® My ) ——
a*‘-‘3n+1 ||sn+l|| ( " " ) (98,14_1
Similarly,
oAe),  OAZ) dlisusill 00yt
68n+1 6||Sn+1|| aa’n+l 68n+1
where %Hg.”ni 11” = n,4+ (see Appendix B) and 2 6||s ”“ 1s yet to be determined. Substituting in (144).
oAe,, 0Ael, 1 00 41
- +
0,41 Ollspill " 0,41

Substituting for annﬂ

cr cr cr
aAen+1 _ 3 Aen+1 Idev (90',,4_1 aAe n+1
- = —_— Myl @My ) —— + L (M1 ® nn+1)—
68n+1 2 ||sn+1|| a"5‘n+1 a||sn+1|| a*"f‘n+1

3 [ A" A& OAEE" P
— J;[ I’H—l Idev + (nn+1 ®nn+1)( n+l + n+1 ):| 0-n+1

l1Sn1ll Snetll  Ollsnetll) | O&ns1

and "*' in (137) and rearranging,
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(137)

(138)

(139)

(140)

(141)

(142)

(143)

(144)

(145)

(146)



Combining creep and swelling. Substituting (146) in (132)

3fn
do,.1 =C:deg, —K(agl‘””) tdoy

Tb(n+1)
3 [ Ae<” Aec" OAe”
) \/j —ntlydev  (p 1 ®n )(— ntl | ntl )]:da' (147)
H 2[||sn+1|| EEE U sl BllSuell el

Moving the second and third term on the R.H.S to the L.H.S and left pre-multiplying on both sides with its
inverse, we have,

dope = [Ifym+1<a—3f”+‘ |vol
Tb(n+1)
3 [ A& AT N -1
+2p\/;[—"“|d”+(nn+1 ®nn+1)(— ntl | nil )] ] C:den (148)
IS n+1l Isns1ll — Ollsns1ll

or,
do,.1 =3 :deyy (149)

where the fourth order Jacobian is

3 3 [ Ae” Aec" oNnec" -1
3= |1y g gt pr 2ﬂ\ﬁ[—"+‘|deu(nnﬂ®nn+l)(— ntl  _nel )] ] Cne1 (150)
Th(n+1) 2 | Ispsll Isns1ll — OllSps1ll

In both cases - combined creep and plasticity and pure creep, the Jacobian is evaluated at every time
step and is a function of the «, the derivative of the bubble radius with respect to the pressure at n + 1 which
can be evaluated to be (see appendix (A) )

—C1

= 151
¢ Cy + C3C4 ( )
where the constants are given by
c1 =1 (Vp — BAp) (152)
cy =4pVprp — 87rr§ys — pBAy + ApkpgT (153)

4nryD,C,At) (47D, CpAt
¢3 = (1 = ) [4nDyCyAr- (70D Cer) (4DCo) (154)
(1 + 47, Dy CAt)
1 f=fer\3fA =)
— (47rpD,C,At) —sech? 1
(477, D CAY) TP ( = ) ” (155)
c4 =2yB + kgrpyT — pBry, (156)

where quantities Vj, 15, Ap, Cq, Dy, p are evaluated at n + 1
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Appendix A Derivative of the bubble radius with respect to pressure

From (27), we first move all terms to the L.H.S and for the sake of brevity omit the subscripts n + 1. All
terms that are evolving are evaluated at n + 1 unless otherwise mentioned and A signifies a step from n to

n+1
pr;,Vb — 2’)/va - prbBAb + 2’)/SBA[, + kBAbI"bT =0

Differentiating with respect to p, we have

p?m’b% + 37~ 8ys7rrb£ — ApBry — pA;,B%
0A 0A 0 0A
—pBry 22 4 2y BEEE 4 A kg T 1 kg, T 222 = 0
ap ap ap dp
Grouping derivatives of r, and Aj, we have
0 0A
ﬁ6‘2+—bC4+C1 =0
op op

where,

16
cy) = (p?nrz - 8ys7rri — pApB + AkaT)

c4 = (—pBry + 2yB + kgrpT)

4
c] = §7TI’2 —ApBr, =0

157)

(158)

(159)

(160)

The derivative of Ap, 0A;/dp needs to be evaluated which is itself a function of the radius rp, porosity f and

gas atoms concentration C,. Taking the derivative in (30)

A 9
2% - (4nD,c oA 2t
op ap
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0C,
+ 47rrngAta— (1 =) —4nry,DeCoAt
P

da
— 161
p (161)



where the derivative of A can be simplified using the chain rule as,

o1 _odof on
ap B af ory Op

Using (10) and (87),

o4 :isech2 (f_fcr) 3fA - f)on
Ap  2fy fo rp,  Op

To evaluate the derivative of Cg, from (31),

9Cg _ _(Cg(n) + FYfAt) (47ngCbA[) ars

N e ) B

where using (31),
0C,  Co(4nDyChht) gy,

dp (1 +4mr,DyCpAt) OP
Substituting (163) and (166) in (161), we have

0A 0

2 — (1= ) 4nDyCoAt 22

dp dp

(477, Do Co A1) (47D CyA) oy,

(1+47r,D,CoAr) 9P

-(1-2

— (477, Dy C, A1) L ee? (

2fw fw

Tp

Collecting terms,
0Ayp ory
el ANl ]
op : op

where,

f_fcr) 3fA - f)on

(477, D, C A1) (4D CpAY)

c3=(1-2) [47ngCgAf - (1 + 47rrngCbAt)

- (47Tl’ngCgAt) Lsech2 (

2fw fw

Substituting (168) in (159),

ory orp
—cy+tc3—-cs+c1 =0
(')p2 36p4 1

from which an expression for dr,/dp can be generated given by

al”b —C1

dp e+ cse
21

f_fcr)3f(l_f)

b

(162)

(163)

(164)

(165)

(166)

(167)

(168)

(169)

(170)

(171)



Appendix B Unit normal tensor

The derivative of the magnitude of the deviatoric stress is given by

Alsll _ d(+27)

oo oo
1 Q)
227, 9o

o
Vs s 00

172)

(173)

(174)

where J, is the second invariant of the deviatoric stress, and can be written in terms of the invariants of the

stress tensor as,

12
‘]2:§II —12

The gradient of J, can be written as

o, 1. 90 0l

— =2 — -

do 37 0o o
2
- 5111—(111—0T)

2
20'—(11 —511)1

1
=0 - gtr(a')l
=5

Substituting (176) in (174), the gradient of ||s|| with respect to o is obtained as,

sl _ s
oo Vs s

=n

Appendix C Derivative of the unit normal tensor with the deviatoric stress

The unit normal tensor is given by
s

Vsis

Taking the derivative with respect to the deviatoric stress tensor and changing to index notation

n =

—0sjj 6\/“
onij Vst sgt = s g

O

Osu (Vs :5)?

22

(175)

(176)

(177)

(178)

179)

(180)



where the first derivative in the numerator is the fourth order identity tensor,
55‘[ j 5
_ pSym
o Il.jkl (181)
To evaluate the second derivative in the numerator, first write
Vs s =20 (182)
Which implies,

ovs:s 0N2J,

OSk osyy

N2, 00

- 00 un Osu
— \/5 ‘]2 Idev
2\/‘]_2(90'”1,! mnkl

1 Idev

Smnd g
\V2J>

1

= — 8K
151l

= ny (183)

Substituting in (180)
anij Vs SIl;yg — 8Nl
dsu (Vs :5)?

||S||1f},:7 = SijNkI

2
151l

— njjng

sym
Ii jkl
sl

1 sym
=0 (L5 = nijua) (184)

Or in tensor notation, this can be written as

on 1 "
g = m(ls)” —n®n) (185)
Appendix D Power-Law Creep

Consider that a power law for creep strain is assumed in it’s ’time hardening’ form such that the creep

strain rate is given by,

&7 = AF"" e CIRT (186)
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where & is the von-Mises stress, ¢ is time, Q is the activation energy of the creep mechanism, R is the
Boltzmann’s constant, T is the absolute temperature and A,m and n are material parameters. Using an
implicit time integration scheme, the creep strain increment can be written as

A& = AtAG" ~Q/RTy11 (187)

n+l n+le

where the material parameter n appearing as the exponential term for time 7 is not to be confused with the
number of the time step appearing in the subscript.
Using (49), the deviatoric stress update can be written as

3 .
Sp+l = Sy + 2uen ] —2u \/;Aeﬁlﬂnnﬂ (188)
By contracting (188) with the unit normal tensor n, 1, and noting that the direction of the trial deviatoric

stress and the deviatoric stress are the same [7], the magnitude of the deviatoric stress can be written in terms
of a trial stress and a creep stress increment,

. 3
Isnetll = [|sy ]| = 24 \EA% (189)

where the creep strain increment Ae’ | is some function of the current stress state 07,4+ and furthermore is
generally a function of the current von-Mises stress state or the deviatoric stress state,

. 3
lsnell = ||ss]| - zﬂ\[ A, (llsnetl) (190)

Therefore, this is in general, a nonlinear equation in ||s,1|| which can be solved by a Newton-Raphson
iterative scheme. If the residual is written as

ol 3
R = lIsnatll = ||s2|| + 24 \[ A" (sl (191)

solving for R ~ 0, the quantities [|s,+1ll, Ae)” | and s, "*1” can be determined provided an explicit expression
for the creep strain increment in terms of the magnitude of deviatoric stress is known. Substituting these
quantities in (146), the combined tangent modulus can be obtained from (150). Closed form expressions
for the derivative of the creep strain increment assuming a power law creep can be found in D.

In the case of power-law creep, substituting (51) in (191), one obtains

. 3
R = Isusll = ||s!|| + 24 \/;AtA(TnH 1, e /R (192)

The von-Mises stress can be written in terms of the deviatoric stress as

3
Funr = \gnsnﬂu (193)
Substituting into (192),

R=||sn+1||—||s;’fil|i+2u\[ ArA\[ lsne "2, e QR met (194)



To evaluate the deviatoric stress and the tangent modulus, the creep strain increment and the derivative of
the creep strain increment are required which are respectively given by

m
3
AET = AtA \/; ||sn+1||’”t’,j+le‘Q/RT"+l (195)
m
ONE" \/E
=AtA [ = (m_l)t” —Q/RT 41 196
sl g Ml e (196)
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